I. INTRODUCTION
MMCs are considered as the next generation DC/AC converters for high-voltage direct-current transmission and motor drive applications due to their high voltage capability, transform-less structures, high efficiency, and modularity [1] - [3] . However, when a MMC enters the shutdown process, the energy stored in a large numbers of submodule(SM) capacitors in the MMC are not dissipated, even if the DC-bus is disconnected from the power source [4] . These individually energized SM capacitors are independent voltage sources and may generate huge inrush current through each arm [5] , [6] . As a result, the SM switches, capacitors, and arm inductors could be damaged permanently, causing fatal system failures.
How to discharge the capacitor energy stored in the submodules safely and rapidly while the MMCs entering the shutdown process is a critical issue [7] , [8] . Among the existing discharging methods, adding a discharging resistor at DC-bus with a controllable high-voltage switch is the most widely used way [9] . However, the high-voltage switches and resistors are expensive and need additional installation space. Other conventional discharging methods include using currents through the bleeding resistor across the capacitor, and/or through the AC side load resistors [10] , [11] . However, due to the large bleeding resistance, the long time required for SM capacitors to discharge with a high voltage rating may cause safety concerns. If the discharging currents are directed to the AC side, interference to the MMC load occurs, especially when there are faults at the load.
Presently, most MMC related research has focused on control for functions other than submodule capacitor discharging, such as modulation strategies, capacitor voltage balancing algorithm, etc [1] - [4] . Few papers have paid attentions to how to discharge the SM capacitor energy in a fast, safe, and low-cost way. It is interesting to note that compared with the traditional 2-level converters, the SMs in a MMC is controlled independently and the arm inductor can be used to suppress inrush current in each arm [12] . Recognizing these salient features, this paper intends to investigate a mechanism to develop a novel control strategy for the discharging of SM capacitors.
The proposed novel control strategy makes use of the MMC arm resistance inherent in each arm and the available SMs control flexibility to dissipate the energy stored in SM capacitors. The novel discharging control method dissipates the capacitor energy without adding/involving additional devices and circuits so as to reduce MMC costs. Both open-and closedloop control methods are developed to implement the proposed discharging strategy. In order to determine a proper discharging time, a prediction model for the closed-loop control is developed. Comparison study is conducted between the traditional and the proposed discharging approaches in terms of cost, discharging time and load impact. The results show that both open-and closed-loop control can discharge the capacitor voltage and dissipate the store energy satisfactorily. It is also demonstrated that the open-loop approach requires much less number of feedback signals, and thus robust and, on the other hand, the closed-loop approach can discharge SM capacitor energy much faster. The discharging time predicted by the analytic model is very close to that realized by the simulation, meeting the system requirement of capacitor discharging. Compared to the traditional discharging methods, the proposed method has very attractive benefits including zero hardware cost, fast discharging time and negligible load current impact.
The paper is organized as follows: Section II reviews the traditional MMC discharging circuits and introduces the A typical three-phase MMC inverter is shown in Fig.1 (a) . The main MMC circuit consists of two arms per phase where each arm includes N identical series-connected SMs, and an inductor. A half-bridge power device is used for the SM design in the MMC. CB1 is a controllable circuit breaker to connect/disconnect the DC power supply Vdc to the MMC. Three different types of discharging resistors can be connected to the MMC power circuit, and among them, one (Raux) is connected to the MMC DC bus through a controllable switch, another (R(a,b,c)) to the MMC AC side, and the third (Rble) to each submodule of the MMC. These resistors are named external resistors and highlighted in the red dash blocks in the Fig.1 . When MMC normal operation ends, CB1 will open first and the MMC enters the shutdown mode to reset the system for the next time startup. The traditional method of SM capacitor discharging in the shutdown process is through the auxiliary resistor (Raux) across DC bus, the bleeding resistors (Rble) across each SM capacitor, or/and the load resistor(R(a,b,c)).
Different from 2-or 3-level inverters, each arm voltage in the MMC is controlled to maintain at a desired voltage level by using the pulse width modulation (PWM) control. In operation, each arm losses consist of the power device losses, arm inductor losses, and copper losses. The total arm losses are treated as the loss caused by the inner arm resistor (Rarm). Once entering the shutdown mode, the submodule capacitor energy has to be dissipated by the arm current. Also to be noted is that the arm inductor is always in the current loop to suppress the arm current spikes, which can be utilized to precisely control discharging current through the power devices. Recognizing the above stated features of the MMC circuit, this paper develops a novel discharging strategy that fully takes advantages of Rarm (and other resistance inherent and contributed by arm inductors, power devices) and MMC control flexibility to dissipate SM capacitor energy safely and quickly. In the proposed discharging strategy, there is no need to direct the arm currents to either the DC bus resistor Raux or AC side resistors R(a,b,c) . In addition, the current flowing through the bleeding resistor is negligibly small, compared to the current flowing through the main path of the arm. It is apparent that the new discharging strategy has several advantages: a) no cost for additional devices, b) very short discharging time with accurate current control, and c) independent to the AC load conditions. Fig.1 (b) shows the equivalent circuit of the MMC while discharging SM capacitors with only the internal arm resistance involved. In the equivalent circuit, Requ and Lequ represent the equivalent resistance and inductance contributed by arm inductor and other parasitic resistance in one phase leg. During discharging interval, the load current will be controlled to zero by either zero AC output voltage or simply opening the load switches. Almost instantaneously after the AC load current becoming zero, the three phase arm currents will be circulating through MMC three phase-legs by themselves. Fig. 1 (b) shows the interval when the arm currents are flowing from Phase B to Phases A and C. By rotating sequentially, the current amplitude and polarity in a high frequency among the three phase-legs, over time each phase will experience the same amount of arm current and each capacitor will have the same chance to be discharged. As a result, all the SM capacitor can be discharged very quickly to a safe voltage level.
Based on the principle discussion above, we propose two arm current control methods as shown in Fig. 2 to discharge the submodule capacitor voltages. The first one is open-loop control method in which, the arm voltage commands (varm (a,b,c) ) are realized to produce the arm current in each phase. Hence, in the open-loop method no arm current feedback signals are needed and the approach is very robust. Since the sum of the three phase arm currents is zero, the three phase 120-degree shifted sinusoidal voltage are used as the command, varm (a,b,c) , following (1). A high frequency of ωο in varm (a,b,c) is required to rotate the three phase currents very quickly among the three phase-legs to balance energy dissipation in each phase, and ensure a small individual capacitor voltage ripple during discharging. By adjusting the arm voltage amplitude , this method can achieve the maximum allowed discharging current in each arm satisfying the discharging time requirement.
The closed-loop control approach can also be applied in the discharging current in the arm as shown in the red block in Fig.  2 . The feedback arm currents are obtained from the 6 arm current sensors. The arm current command follows (2) . A PI controller is used to suppress the errors between the arm command and feedback currents. By using the closed-loop control, the arm currents are maintained stable during the capacitor discharging period regardless the remaining capacitor voltage levels. Hence, the capacitor energy dissipation rate is kept constant resulting in much shorter discharging time than that achievable by the open-loop control method. The corresponding discharging current follows (3) in closed-loop control.
(1)
Since can be controlled to a constant by closedloop control algorithm, an analytical prediction model can be established by the mathematical equations of the system with the parameters specified to generate a desired discharging time. The discharging time (Tdischarging) prediction is illustrated in Fig.3 based on (4) and (5) . The output of the prediction model is used as the discharging current commands in the closed-loop method. For a MMC system, by adjusting the arm current command, an accurate Tdischarging can be estimated quickly, which will be helpful in the design of capacitor discharging. 
III. SIMULATION RESULT
To verify the proposed control method, a full system model is implemented for computer simulation of a 1 MW system using a 7-level MMC with a 7 kV DC-bus voltage. In the MMC each arm has 6 SMs and each phase 12. The SM capacitor is chosen 0.62 mF with a rated voltage of 1160 V. The rated phase current is 138 A (rms) and rated line-line voltage 4.16 kV(rms). The carrier frequency for each submodule is 4 kHz for PWM control, resulting in equivalent 24 kHz PWM frequency for the system. In the simulation, it is assumed that before enabling the proposed discharging method, all SM capacitor voltage has been charged to the rated voltage. The maximum discharging current amplitude for each arm is set to 200 A with a frequency of 500 Hz. 3) The proposed methods do not affect load current and zero load current is maintained during the discharging time. The results verify that the proposed discharging method works well even no load is connected or faults occur at the load. This paper also studied a prediction model for discharging time using the same MMC as the one simulated. Fig.5 shows the comparison results of discharging time from the detailed system simulation and the prediction model. Rarm1 and Rarm2 represent the arm resistance in the cases of 0.2 and 0.3 respectively. When the discharging current varies from 100 to 250 A, all the prediction results matches well with the simulation within an error of 0.2 s. The results verify that the proposed prediction model based on (4) and (5) is sufficiently accurate in estimating Tdischarging. Meanwhile, the results also demonstrate that accurate control of Idischarging can effectively reduce the discharging time Tdischarging. In other words, by using the arm current command generated by the prediction model, a desired discharging time Tdischarging can be achieved. The proposed novel discharging strategy and its implementation method are compared to the traditional discharging methods. Fig.6 shows the comparison results. In traditional discharging methods, external resistors of Raux, Rble or/and Rload can be used as described in Fig.1(a) , instead of an equivalent internal arm resistor, in the discharging process. For comparison purpose, all those resistance is chosen based on a prototype 1MVA MMC system [13] in which Rarm is from 0.1 to 0.4 , Raux from 200 to 5k , Rload from 0.5 to 5 , and Rble from 50 k to 200k . The comparison results are summarized in Fig. (6) where x-axis is the discharging time, y-axis the load influence factor (IF), and z-axis the discharging circuit costs. The load impact factor measures the influence of the discharging current to the load and vice versa. In general, IF< 2 means negligible interactions between the discharging and load currents while IF>5 the discharging current solely relies upon the load current. Apparently, the optimal one is the point closest to the origin, implying the maximum benefits in terms of zero costs, the shortest discharging time, and minimal load current influence.
Among all those resistors for discharging submodule capacitor voltages, Raux has the highest cost, Rble needs the longest time, and Rload has the largest load influence. However, discharging through Rarm based on the proposed method ensures the best performance and zero cost. Before entering the discharging procedure, MMC is in standby. In this condition, open loop discharging method is enabled, but DC power supply is still connected to the MMC. Then the DC power supply is turned off and the SM capacitors start to discharge. The safe region in Fig. 8 represents all the capacitor voltage has been fully discharged to the safe voltage level. 9 shows the test results when the amplitude of discharging arm voltage command is reduced to half, which is 25 V. It shows the same behavior as Fig.8 and verifies the effectiveness of the proposed open loop control method. By using different discharging arm voltage magnitudes, discharging speed of SM capacitors can be controlled.
V. CONCLUSION
This paper has proposed a novel SM capacitor discharging strategy and its implementation method using arm internal resistance. Simulation results have shown that both open-and closed-loop am current control methods can successfully discharge the submodule capacitor voltages to zero safely and quickly. Compared with open-loop control, the closed-loop control has demonstrated faster discharging time and better arm current control capability. Meanwhile, the discharging current prediction model has been established and verified by the MMC full model with 0.2 s error in discharging time. Thus, the predicted arm current from the model can be utilized as the command in closed-loop control to accurately achieve a desired discharging time.
